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Abstract

Thetotal synthesis of biologically active natural product phomoxanthone A has been
impeded due to the difficulty in synthesizing2talkyl chromaned-one core with a stereogenic
center. Investigations intthromanondunctionalization has revealed thatdrogen lbnd donor
catalysis using silanedm®hasenabled thenantioselectie addtion of silyl ketene acetal®
benzopyryliumtriflates, creating chromanones with one stereogenic center with promising levels
of enantiocontrolTheprevious success silanediotcatalyzed functionalization of
benzopyrylium ions hasspiredus to pursue thenantioselective and diastereoselective
synthesis of zalkyl chromanr4-ones containing two stereocentassng hydrogen bond donor
catalysis Thedata collected dumg this study suggest that tiiéluence ofhydrogen bond donor
catalyst, base, and silyl ketene acétatl tomoderate changes in the diastereomer ratio of the
reaction product.



Introduction
Phomoxanthone A

Phomoxanthone AL) offers an intriguing
avenue of researchith potential application in the
pharmaceutical industry. Thisaturally occurring A
organic molecule (as depictedHigure1A) is a
tetrahydraxanthone dimeand secondary metabolite
that was isolated from tHfghomgsissp. BCC 1323
in 2001! This initial study by Tanticharoen and-co
workers foundl to have antimalarial and
antitubercular activity, as well as cytotoxyc
towardtwo cancer cell lineXB (IC50=9.9uM) and
BC-1 (IC50=5.1uM) (Table 1) In 2013,Ronsberg
and ceworkers further demonstratdd powerful
anticancer activit, showingit to be effective against
cisplatin resistant cell linesongue cancegal27

Figure 1: Phomoxanthone A

OH O OH

Figure 1 Phomoxanthone A a)The overall structure b)

CisR GC50 Chromanone components highlighted in blue

Table 1: Phomoxanthone Activity =5.6 uM);

Cytotocielty esophageal cancer, Kyse51050=0.8 uM); ovarian
Cell Line o e | cancerA2780 (Cso=0.9 uM); andsuggestedhat it
KB 9.9 selectively induces apoptogiBable 1)? This dataimplies
BC-1 > potential medicinal applications @&f it may havethe
Cal27 sens 5.2 57.8 potential to be derivatized into a therapy to combat cis
Cal27 CisR 56 414 platin resistant cancers, including ovarian cancer, which
K/seo10 sens 0 29 are among the most aggressive and fatal to those who
Kyse510 CisR 0.8 8.4 . .
A2780 sens 0.7 1.2 vaUIre It'
AS2780 CisR 0.0 10.2 Phomoxanthone Alj possessessynthetically

challengingmolecular achitectureand ithas not yet been
prepared bxhemicalsynthesis There are several synthetically deiag aspects to consider
when synthesizingd, including (1) the sterically encumbered bidvghd joining the two
tetrahydroxanthone units and (2) &xalkyl chromaned-one core (highlighted in blu&igure
1B) containing a stereogenic center at thgo&ition which is particularly difficult to generate
While there are a fewtérature approads for the enantioselectiggnthesis of zlkyl
chromanoneghey are not applicable for our needs. Specifically, thejirared in number,
typically confined to &pecific substructur@nd often do not result imghly enantiopure
products’ The paucity of suitable methods for the enantioselective constructicalky!2
chromand-ones is a significant gap in knowledge as it renders the investigatitras af
therapeutic agent neatityppossibé. To offer a solution for the enantioselectiyathesis of 2
alkyl chromanr4-onesthe Mattson group hasitiatedthe study of new catalyst systems for the



stereoselective functionalization lnénzopyrylium triflatesareactive species generatedsitu
from chromenones.

Chromanone&synthesis from Beopyrylium lons

Scheme 1: Prior Work
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Functionalized chromanones atiable precursos of the tetrahydreanthones found in
manybioactivenatural products and therefore, are a common target of many synthetic organic
research project©ne lucrative approachioneeredy Akiba and ceworkers relies on the
synthesis of chroamones viahefunctionalization of benzopyrylium triflatg8a), areactive
species generated situ from thecorrespondinghromenong?2) anda silyl triflate (Scheme 1)

Their studies found a number@drbonbasedhucleophiles, such adkyl silanesand silyl ketene
acetalg4a), could undergo addition @a with high yields(Scheme 1} While they did not
functionalize the chromanométh enantioselectivity, this proof of concapspiredfuture
research prograntapitalizing on benzopyrylium ion functionalization

In 2011,Porco and cavorkers expanded n Ak i bads e arinvestigations kK  wi t
of thefunctionalization obenzopyrylium triflate€3b) using siloxy furang6).® Specifically, the
vinylogous addition 06 to 3b was employed to form chromone lactogésScheme 1). When
optimized, the products were produce®6% yieldas a racemic mixture with20:1
diastereomeratio. Porco and cavorkers then directly applied this synthetic method to the
synthesis of tetrahydroxanthone natural produstish ag+)-blennolides B and C. Such
promising results demonstrated the potential for chromanone functionalization to be applied to
the demands of tetrahydroxanthone natural products. However, this approach still lacked
enantioselectivity and was limited to specifiagdes of compounds. Therefore, the challenge still
remained to develop an enantioselective method for functionalizing chromenones for
tetrahydroxanthone production



Aki babds

anvastigdions inspi@dsMattson andworkers, in 2016, to use

silanediolanion binding catalysit encourage enantioselectivity in the additiorcafbonyl
containing nucleophiles to chromensi&his method utilized silanediol cataly$8) to add4a

to 2 through3a (Scheme 1). Using this method, they obtained moderate levels of enantiocontrol,

ranging from 1666% ee, depending upon the substituent®.drnis was the first instance of
enantioselective functionalization of silyl triflaetivated chromenones.

Throughout the experiments detailed in their 2016 report, Mattson awdr&ers used
the samesilyl ketene acetala: triisopropy! ((Emethoxy2-methyl propl-en-1-yl)oxy) silane.
We became interested in exploring how this metbhfochromenone functionalization would
translate using a different silyl ketene acetal, one that already has an intrinsic stereochemical

elementSpecifically, we hypothesized that improved enantiomeric excess and diastereocontrol

would be observed if silltetene acetals derived framethyl propionatevere employed in the
silanediol catalyzed functionalization of benzopyrylium triflat&€be results of these studiase

described next.

Silyl Ketene Acetals

Figure 2: Silyl Ketene Acetals
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Silyl ketene acetals aadtractive
nucleophiledor reaction withbenzopyryliuim
triflatesin the pursuit ofetrahydraxanthones
scaffolds,such adl. Silyl ketene acetals are enols
estersvhere an organosilicon is attached to the
oxygenalphato an alkoxy groug4, Figure 2A).
Thesenucleophilic substrates will readily formC
bondswith appropriate reaction partnexich will
result in the formation ofreester(Figure2B). The
ester functionagiroupis a good synthetic handle that
can be further functionalized througtandard
manipulationsincludingring closing reactions. For
example, a silyl ketene acetal made from a methyl
ester that is added to a chromanone will produce a
methyl estewhich, after a 2carbon homologation,
is capable of undergoing cyclization to produce a

xanthong(Figure2C). Moreover silyl ketene acetals are highly customizable. They are created
by the deprotonation of esters followed by silylation by a silyl chloride in the presence of base
(FigureA). Theproperties are dependent upon the composition of the original ester.
Ourinvestigatiors useda silyl ketene acet##tb) derived from methyl propiona(@0Oa
Figure D). In 1985, Duntiz and cavorkers found thathe deprotonation df0a with lithium
diisopropyl amide followed by silylation with TBSCI gave riseat:91 ratio of the Z:E silyl
ketene acetaf. Armstrong and cavorkers in 1991 demonstrated the effect of solvent on the
creation of the E and Z isomers of silyl ketene acétaley found that changing the solvent



system to a THF/23% HMPA mixture will give silyl ketene acetalni®4:16 Z:E ratio.

Armstrong and cavorkers also found that by using bulkier amide bases slightly increases the
Z:E ratio to 95:5. Based upon thessulés, the silyl ketene acetals used in the following
investigationwasprepared using LDA/THF/DMPU system in order to obtlyl ketene acetals
with the highest levels of diastereoconipoksible to be used in chromanone additions.

Benzopyrylium Trieite

It is proposed that owrddition of silyl ketene acetals to chromenones proceeds via a
benzopyrylium triflate intermediat&he benzopyrylium triflat¢3a) requireshatthe ketone
group becomes a siloxy group whjahturn, encourages the oxygen to adopt a positive charge
that is stabilized by triflate. As previously mentionadk i b a 6 s aeadionPusing& o 6 s
were effectivdbutracemic(Scheme 1)Mattsonandcavor ker s 0 insall e abl e t o
enantioselectivitypy utilizing aBINOL-based silanedianion binding catalyg8), which is
thought toassociated witlBa sothat the addition would be forced to occur in an enantioselective
fashion. These results suggest great promise for the utilization of the benzopyrylium triflate
intermediate to functionalize chromanonéth enantiocontrolvhen coupled with an appropriate
catalyst.

Catalyst
Our investigationsitilize BINOL-basedsilanediol(8) as the catalygFigure4). A
silanediol is characterized by its silicon atom bonded to two hydroxyl groups. Silaneaiobe

classified as a hydrogdyond donor (HBD) anioibinding
catalyst. This means that the catalyst is thought to function by
bindingto the anioncomponent of an ion paivhich then

Figure 4: HBD Catalysts

A. Silanediol

strategicallypositions the cationic component for reactfon. OO
Silanediols argust one class of a larger family catalysteposed Si:g:
to proceedhrough anion bindingncluding thiourea¢l1) and OO
squaramide§l?). 8

Thechoice to use predominangynploysilanediolsin this B. Thiourea
work was informed by a previous research study we conducted By S
thatrevealed that silanediols are uniquely suited to induce N\n/é\N)J\N/AH
enantioselective reactiomdenzopyrylium triflate$.Specifically, A2 o o
we analytically compared the anibdmdingaffinity of 11, 12, and
8. This was done, in part, through titrations usitigaviolet
visible light (UV-Vis) and anuclear magnetic resonan@¢MR)

H

11: Ary= 3, 5- difluoromethyl benzene
Ar,=2-pyrene

C. Squaramide

spectroscopy. These investigations were used to determine how o 0
well an anion (the guest) was binding to the catalyst (the host) gB“j;/(
which was quantified by an association consténir initial J N\([)I/\m N”A”

hypothesis focused on the premilsat a higher association

constant correlates to better catalytic activity because the catalyst ::f;bj;edniguwomethV' benzene
V2.




would form a stronger attachment to the anion and therefore, mordyreli@ose the cation for
reaction As shown inFigure5A, 8 has a significantlyjower association constant with the triflate
anion thareither1l or 12; suggestinghat11 and12 are associating more tightly with the anion.
However,8 was the only HBD catalyst of those investigated to give risadat@mericexcess

in the reactioras detailed in FigureB thereby suggesting th&imay be engaging with the
anion differently tharthe other HBD catalyst3 herefore8 has leen chosen as the primary
catalyst in this investigatioas it is known to interact in a unique and favorable manor to
catalyze theenantioselectivéunctionalization of3.

Figure 5: Anion Binding Activity of HBD Catalysts

A. Association Constants Determined for B.
8,11, and 12
with Triflate (M)

8 2.8 X10° |
. OTIPS o OMe

1 6.5 x 10 =
2 OMe 9
12 5
3.8x 10 4c 8: 76% yield, 39% ee
11: 38% yield, 0% ee
12: 24% yield, 0% ee

Project Goal
The goal of our project was to effect the enantioselective and diastereoseigathess

of 2-alkyl chromanr4-onescontaining two stereocentanader the influence of silanediol anion

binding catalysigScheme 2)Prior studies revealed thiduat silyl ketene acetals can be added

with promising levels of enantiocontrid chromanones in the 2 position via a benzopyrylium

intermediaten the presence of a BINGhased silanediol catalysfEhis reaction results in a

stereocenter at the 2 positi Howeverat the onset abur investigationsit wasunknownthe

additions ofmethyl propionatelerivedsilyl ketene acetals to benzopyrylium iomsl give rise

to a chromanone product witiwo stereocentemsith enantiocontrol and diasterecontrol

Therefore,our

inveStigatiOI$ Seneme s e Q SiR,OTf OSiR, OSiR,

focused on the \)LOMe —_— \Q\OR + %\OR

enantioselective 10a z “ E

addtion the

methyl

propionate

. . Q oTIPS
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] — | S
ketene acetal to o & rod QO 0 ome

chromanones in 2 ., K . 13
order to




investigate if 1) the reaction is possible, 2) the reaction can be obtainechantioeneric
excesst one ad/or both of the stereocenters and 3)dtezeochemistry (e.g., E to Z ratimf)the

silyl ketene acetal influences the results.

Results and Discussion
Triisopropylsilyl Ketene Acetals

Table 2: Triisopropylsilyl Ketene Acetal

Reaction 1 1:1.5 1:1.2
Reaction 2 - -
Reaction 3 1:1.8 1:1.4

The slyl ketene acetalé4d) were synthesized
using three different reactions (Sche&&ee
Appendix 1A, B, andC for procedures). No
yields were obtained for these reactions
because all products were used as crude
reaction mixturesTherefore, in order to
determine which method weould use to

make4d for the addition reactions, we first

compared the diastereomer ratios of the products. Reaction 2 failed to make the desired product
as indicated byH NMR spectroscopyReaction 1 produced the desired product with a slightly
lower diastereomer ratio than Reaction 3 (T@hlReaction 1 and 3). However, thé NMR
spectrunsuggested the presence of more impurities in Reaction 1 than in 3. Therefore, an
additional compason was made through a preliminary assessment ofh@productérom

Scheme 3: Triisopropyl Silyl Ketene Acetal Synthesis
Reaction 1 Z'E
1) LDA, THF,
Q -78°, 30 min OTIPS Qries
> +
\)J\ = 7 ~OMe 1.5:1
OMe 2) DMPU, TIPS;CI, OMe
-78° 30min
10a
rt, 1hr z 4d E
Adapted from Org. Lett. 2016, 18,15, 3766-3769
Reaction 2
1) LDA, THF, OTIPS
o -78°, 20 min OTIPS NR
\)I\ = * Z “OMe
OMe 2) DMPU,TIPSCI, OMe
-78° 5min
10a , 45 4d
Adapted from J. Org. Chem. 1991, 56, 2, 650-657
Reaction 3
1) LDA, THF, OTIPS
\)Cj)\ -78°, 90 min oTIPS + 1.8:1
= Z “OMe
OMe 2) DMPU,TIPSOTY, OMe
rt, 2hr
10a 4d
Adapted from United States Patent # 9035077




each method would perform when used to functionalize chromenones (see Apjiefalix 1
procedure)The silyl ketene acetal from Reaction 3 functionalized the chromemitmenore
diasteeacontrolthanthe silyl ketene acetélom Reaction ould achievéTable2, Reaction 1
and 3) ThereforeAd for the following investigations was synthesized using the method as
described in Reaction(&cheme 3)

Triisopropylsilyl Activated Benzopyrylium Isn

Table 3: Triisopropylsilyl Activated Benzopyrylium lons

1) 2, 6-di-t-but-4- OTIPS OTIPS
methylpyridine(0.2 eq) P
= oM
0 TIPSOTf (1.1eq) OTIPS € OMe o
toluene, 60°C, 1hr
) o Oy i
—_—
20 mol% HBD (8 pe A
o e o( ) 9 overnight, then 3M HCI O OMe
toluene, -78°C OTf
2 3b 13
JH-127 - - 45 1.5:1 racemic

JH-130 8 - 27 4:1 racemic
JH-133 8 2x catalyst 27 6:1 racemic
JH-136 8 2x base 38 5:1 racemic

Initially, the chromenoné?) was activated with triisopropylsilyITIPS)triflate in heat
and inthe presence d,6-di-tert-butyl-4-methylpyridineto form the benzopyrylium ion
intermediatg3b) prior to the addition of the silyl ketene acdid, See Appendix ). Using
this protocol, without any variations, dE27 produced the functionalized chromen(® in a
moderateyield and witha slightly lower ratio of diastereometian thesilyl ketene acetal had of
its isomergJH-127, Table 3. With the addition of silanedidB), the dastereoselectivity
increased significantly, however, at the cost of the yield1(36). Unfortunately, the additional
8 did not caus@any enantioselectivity in the proce8y doubling the catalyst loading3 was
still isolated as a racemic mixture with slightly increased diastereoseledbivitgr),but not
enough to warrant additional investigations using ex8€3sl-133) The same
diastereoselectivityas also achieved by doubling the amount of base used in this reaction (JH
136) JH-136 also had an increase in yield, however, it still did not match the yield b2 dH

Previousunpublishedexperiment®f the Mattson groufound that the enantioselectivity
of dimethyl malonate additions to chromenonesg silanediols could be improveg
generating the reactive intermedi8tenot with heat, but at 78 C in the presence of the other
reactantsTherefore, we proposdtatby generatig 3b ati 78 C rather than at 6G may
improve diastereoselectivity and/or enantioselectivitthe addition ofld as well(See
Appendix E). Unfortunately,no additions using thigrotocolcaused an enantiomeric excess.
However,when usinghe nonheating protocain reaction conditionstoichiometically
analogous to JH27, slightly highediastereoselectivityvas achieved (2:1 dbutin a lower
yield (JH-128 Table4). With theuseof 8, both the yield and théiastereoselectivitincreased
significantly (Table4, JH131) However, when the catalyst loadingisdoubled, the yield

10



decreased by 30% able4, JH134). Thereforedespite the positive effect on
diastereoselectivityincreasedatalyst loading was not pursutedther. Additionally, when the

equivalents of base added to the reaction was double that which was described in the procedure,

the yield returned to the mid 40% with a slight increas#iastereoselectivity as conmed to
JH-131 (Table4, JH137) However, withoutreantiomericexcess changes in the equivalents of
base usedid not warrant further investigations. Overal, generatin@b in situati 78 C rather
than at 6C, the functionalized chromanone could be produegi equivalent oimproved
diastereoselctivityand with the exception of 3H34, improved yieldas compared to additions
where the8b in generated in heat prior to the addition of the other reactants

With no selectivity

observed witt8, we expanded
our survey of reaction
conditions toother welt
established anichinding
catalystsincluding thiourea

(11) andsquaramid€12) 2

(Figure 4) Thedifferent

catalysts wergéested on 8.5 128

scalewhere3b was generated JH-131

ati78C. Neitherllnor 12 j:g‘;

improvedthe JH-138
JH-139

Table 4: Triisopropylsilyl Modified Procedure
1) 2, 6-di-t-but-4-methylpyridine (0.2 eq), 20%HBD ( 8, 11 or

2
NAome %\OMe

12) toluene, -780C
OTIPS  OTIPS

-78°C, 20min

4d

3) TIPSOTf (1.1eq), -28°
overnight
4) 3M HCl overnight

38 2:1 racemic
8 - 47 4:1 racemic
8 2x catalyst 17 6:1 racemic
8 2x base 44 5:1 racemic
11 0.5 scale 26 3.3:1 racemic
12 0.5 scale 32 3.74:1 racemic

diastereoselectivity of the

functionalized chromanonaore sahan whathad beerachievedvhenusing8 as the catalyst
(JH-138 and JHL39, Table 4. Also, neithercatalyst produced the product in an enantiomeric
excessThisdataconfirmed thaneither the squaramide or thiourea weath additional

pursuitsin theseinvestigatiors.

Tert-Butyldimethylsilyl Ketene Acetals

Scheme 4: Tert-butyldimethyl Silyl Ketene Acetal Synthesis

Reaction A

1) LDA, THF,
- THF, oTBs
\)CL -78°, 20 min OTBS
N
_— Z Z 0OMe
OMe 2) DMPU,TBSCI, OMe
-78° 5min
10 i, 45 z E

4e
Adapted from J. Org. Chem. 1991, 56, 2, 650-657

Reaction B

1) LDA, THF, OTBS
\)CL -78°, 90 min oTBS .
\/‘\
= Z “OMe
OMe 2) DMPU,TBSOTH, OMe
rt, 2hr
10 4e

Adapted from United States Patent # 9035077

In an effort to improve
2.E enantioselectivy and
diastereoselectivity, we turned
our attention teilyl ketene
acetalswith tert-
butyldimethylsilyl (TBS) groups.
We hypothesized that the size of
the TBS group would allow

0 access to a transition state that
would improve stereocontrol.
Initially, silyl ketene acetals

1:1.4

containingtert-

11



butyldimethylsilyl(4€) weresynthesizedising two methods (SchemgSee Appendix BEand 1G
for procedures). Despite its lack of success in the triisopropwsihjdtion, the method used for
Reaction 2A was originally designed tert-butyldimethylsilyl use and therefore, was of
interest. As in the reactions in Scheme 2, no yields were obtained and therefaEe oo f
4ewere compared. No additional coarfsons were necessary becadiséom Reaction B only
produced a signal diastereomérereakeaction A had a mixturéScheme 3) Therefore,
following investigations used the method from Reaction B to synthéaize

Tert-Butyldimethylsilyl activated Benzopyrylium lons
Initially,

Table 5: Tert-Butyldimethylsilyl Activated Benzopyrylium lons
the chromenone Y oTBS ores
was activated with metyipyricinet-2 eq _—
. . o TBSOTY (1.1eq) oTBS 7~ "ome OMe o
TBStriflate in the toluene, 60°C, 1hr
presence o2,6- | ——— ®» te
: 0 20 mol% HED (8) & overnight, then 3M HCI
d|'tert'buty|'4' toluene, -78°C -OTf
methylpyridineto ’ *
form the
benzopyry”um JH-151 - - 30 5:1 racemic
. . di JH-153 - DABCO 42 2.91 racemic
on Interme Iate JH-156 8 DABCO 44 2.5:1 racemic
(33, See Appendix

1H). The additioroccurredn a moderate yield with diastereoselectivitgignificantly higher
than the equivalent reaction when activated by triisopropylsily trifltel 51, Table 5. When
the reaction was tested withd-diazabicyclo[2.2.2]octane (DABCQthe produc{13) was
obtained in digheryield andbut a lower éastereomer ratiQJH-153). With the addition o8B, 13
wasproduced as a racemic mixture with a slightly higheld but, surprisingly with less
diastereosettivity (JH-156).

Table 6: Tert-Butyldimethylsilyl Modified Procedure We then altered the
1) 2, 6-di-t-but-4-methylpyridine (0.2 eq), 20%HBD (8) protocol so that the TBS
toluene, -780C . .
o \ﬁ\?;e QTBS Qerlved penzopyryllum
OMe 780G 20min intermediatg3a) wasgenerated
@ 3) ':eBSOTf(1.1eq) 2 ati78C as o!oposed o €0 ,
0 overnight ome | (SeeAppendix 1). When using
2 4) 3M HCl overnight 2,6-di-tert-butylmethyl pyridine
as the base, the yieldas
slightly higher than that
JH-152 - - 38 271 racemic obtainedn JH-151,where
JH=154 - DABCO 46 271 racemic analogous conditions were
JH-155 Silanediol DABCO 29 3.3:1 racemic investigatedn the prOtOCOI that

produces3ausing hea{JH-152,
Table §. However, JHL52 had a significantly smaller diastereomer ratio thadSH
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Nonetheless, when comparing the TBS activated protocol where the benzopyrylium was
generatedn colder condition$o the same protocol using TIPS, the TBS versidhl52,
produedthe product(13) with higher dstereoselectivity thadH-128,the TIPS versionJsing
DABCO in this protocolincreased thgield, but had no impact on the diastereoselectiidiy
154). The addition of silanedidB) improvedthe diastereselectivity of13 but loweredhe yield
and did not producg3in enatiomeric exces§JH-155).

Conclusions

2-Alkyl chroman4-ones containing a stereogenanter at the-position are highly
desirable and yet synthetically challenging targets for drug discovery investig&tien®us
work has demonstrated thHaalkyl chromard-ones may be synthesized ussilyl ketene
acetalsandbenzopyrylium ions. Our laboratory has found that silaneditdable to catalyze
this reaction to proceed in good yieldgh promising levels oénantiocontralThese past results
motivated this study to investigate how additional complexity in thélslgne may influence
the enantioselectivity and diastereoselectivity of the addition product. Hasgianediol
catalystwas demonstrated to afford desirable products in the addition of methyl propionate
derived silyl ketene acetalis activated chromnones.

Our studies found-2lkyl chromanr4-ones could be synthesized using methyl propionate
derived silyl ketene acetals with moderate diastereoselectivity but no enantiomeric Bixeess
silyl ketene acetals were produced as a mixture aZtBesomes, with slightfavoritism
towards the 4Zsomer Theaddition productin all investigationsgemonstrated moderate
preference tohe sameorientation of the methyl grougs inthe Zsilyl ketene acetahs indicated
by thediastereoselectivitfavoring R at that positiorThediastereocontrahnd yields weralso
found to be responsive to the variation of other reaction conditions, such as the temperature at
which the benzopyrilium ion is generated, the catalyst, and therarabbaseHowever,
silanediolwas unable teatalyzethe enantioselectiveynthesis of lkyl chromanr4-ones.
Ongoing studies in our laboratoayeexploring different hydrogen bond donor catalysts in this
reactionin an effort to obtain a highly diastoselective and enantioselective process
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Appendix 1: Procedures
General Methods

Tetrahydrofuranhexanes, ethyl acetatmd toluene werased as received
Diisopropylamine was distilled with sodium hydroxide prior to Udee silanediol catalyst,
thiourea catalyst, and squaramide were prepared according to literature Méethieds
otherwise noted, all other commerciadlyailable reagents and solvents were used without
furtherpurification Analytical thin layer chromatography was performed using Ana&ch
um silica gel HLF plates and visualized under UV 254AihH NMR spectra were acquired
using a Bruker BioSpin 500MHz Avance Il Digital NMR spectrometer and calibrated using the
solvent signal (CDCI3 7.26 ppntH NMR splitting patterns are desigedtas singlet (s),
doublet (d), or multiplet (m)Chiral HPLC analysis was performed using an Agilent 1260 equip
with a diode array detector.

A

1) LDA, THF,
(0] -78°, 30 min OTIPS QTIPS

> +
\)J\ \/k Z~ “OMe
OMe 2) DMPU,TIPS,CI, OMe H\
-78° 30min
10a rt, 1hr z

4d E
(4d) Triisopropy! ((1-methoxyprop-1-en-1-yl)oxy)silanewas prepar@according to an

established procedur@A 50 mL round bottom equipped with a stir bar was flame dried and

purged withN2g). The round bottom was placed under positive pressuxe@fAnhydrousTHF

(10mL) was added followed by distilled diisopropylamine (0.83mL , 6 mmol, 1.2 eq). The round

bottom was placed in an ice bath and allowed to cool@o B-BuLi (2.25 mL of 2.44M in

hexanes, 5.5 mmol, 1.1 eq) was added dropwise. The reaction mixtua#omael to stir for 20

min at0 . Ti& round bottom was then placed in an acetone/dry ice bath and allowed to cool to

-78 C. Methyl propionatd0a(0.481 mL, 5 mmol, 1 eq) was added drop wise. The reaction

mixture was allowed to stir af8°C for 30 min. DMPU (0.9mL, 7.5 mmol, 1.5 eq) was added

followed by TIPSCI (1.285 mL, 6 mmol, 1.2 eq). The reaction mixture stirretBat for 30

min before being removed from the bath and stir at room temperature for 1 h. The reaction

mixture was concdratedunder reduced pressuaiad diluted with hexanes. The crude was

washed with DI HO (20mL), saturated Cu(l)SGolution (20mL), saturated sodium

bicarbonate solution (20mL) and brine (20mL). The crude was dried using sodium sulfate and

concentratednder reduced pressurBheresulting yellow oilwas used without further

purificationas the title compoundid. *H NMR (500 MHz, CDC}) 4, 3369(§, 3H),

1.55,1.80 (d, 3H), 1.0-4.17, 1.141.21 (m, 6H), 0.98..07, 1.141.17 (m, 3H)
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1) LDA, THF,
\)CL -78°, 20 min OTIPS QTIPS
AV > +
. pZ Z “OMe
OMe 2) DMPU, TIPSCI, OMe
-78° 5min
10a rt, 45 4d

(4d) Triisopropy! ((1-methoxyprop-1-en-1-yl)oxy)silanewas prepar@according to an
established procedureA 50 mL round bottom equipped with a stir bar was flame dried and
purged with N(g). The round bottom was placed under positive pressuregfAhhydrousTHF
(5mL) was added followed by distilled diisopropylamine (0.70mL , 5 mmol, 1 eq). The round
bottom was placed in an ice bath and allowed to codl to NBuLi (2.05 mL of 2.44M in
hexanes, 5 mmol, 1 eq) was added dropwise. The reaction mixture was allowed to stir for 3 min
at 0 C. The round bottom was then placed in an acetone/dry ice bath and allowed to-¢8ol to
C. THF (5mL) was added followed by methyl propion&f&(0.481mL, 5 mmol, 1 eq) was
added drop wise. The reaction mixture was allowed to st 8 for 20 min. DMPU (3.975
mL, 33 mmol, 6.6 eq) was added followed by TIPSCI (1.177 mL, 5.5 mmol, 1.1 eq). The
reaction mixture stirred av 8 for £min before beingemoved from the bath and stir at room
temperature for 45 min. The reaction mixture was quenched with saturated sodium bicarbonate
solution (10 mL) and diluted with hexanes. The reaction mixture was extracted wittOO#Hk
50mL). The resulting solutiowas dried using sodium sulfate and concentratetureduced
pressureNo productdd was observed biH NMR spectroscopy

C

1) LDA, THF,

+
> %
\)kOMe \)\OMe H\OMG

2) DMPU,TIPSOTH,

rt, 2hr
10a 4d

(4d) Triisopropy! ((1-methoxyprop-1-en-1-yl)oxy)silanewas prepar@according to an
established procedur®.A 50 mL round bottom equipped with a stir bar was flame dried and
purged with N(g). The round bottom was placed under positive pressureg@fAhhydrousTHF
(10mL) was added followed by distilled diisopropyiam(1.05mL, 7.5 mmol, 1.5 eq). The
round bottom was placed in an ice bath and allowed to coolGoNyBuLi (2.87 mL of 2.44M
in hexanes, 7 mmol, 1.4 eq) was added dropwise. The reaction mixture was allowed to stir for 30
min at 0 C. The round bottom as then placed in an acetone/dry ice bath and allowed to cool to
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-7 8 . Methyl propionatd0a(0.481 mL, 5 mmol, 1 eq) was added drop wise. The reaction

mixture was allowed to stirat 8 for @min. TIPSOTf(1.34mL, 5.5 mmol, 1.1 eq) was

added and the round bottom was removed from the bath and stir at room temperature for 2 h. The
reaction mixture was filtered through celite with hexanes. The resulting solution was dried using
sodium sulfate and concentratattler reduced pressurBheresulting yellow oilwas used

without further purificatioras the title compoundid.'H NMR (500 MHz, CDC§) 119, 3563(s5

3H), 1.57, 1.82 (d, 3H), 1.11.15, 1.241.32 (m, 6H), 0.89.92, 1.211.25 (m, 3H).

D
1) 2, 6-di-t-but-4- OTIPS OTIPS
methylpyridine(0.2 eq) _
Z “OM
0 TIPSOTf (1.1eq) OTIPS © OMe o)
toluene, 60°C, 1hr
e
20 mol% HBD (8 rZ
0 ) 0( ) O overnight, then 3M HCI
toluene, -78°C OTf
2 3b

(13) Methyl 2-(4-ocochromanenyl) propanoate was prepared according to an
established procedurzChromanone (0.0146 g, 0.1 mmol, 1 eq) and 2¢-t-Bu-4-methyl
pyridine (0.0065 g, 0.03 mmol, 0.3eq) were added to a flame dried vial with a stir bar. The via
was purged with B and toluene (0.2 mL) were added. TIPSQX.03 mL, 0.11 mmol, 1.1 eq)
was added and the vial was heated &C60r 1 h. The vial was removed from the heat and
allowed to cool to room temperature. Toluene (1.8 mL) was addiedreaction mixture was the
placed in a dry ice/acetone bath and allowed to co@&dC. A solution of the silanediol
catalyst8 (12.6mg, 0.02mmol, 0.2eq) in 0.5mL toluene was added slowly down the sides of the
vial. After 10 mn, Silyl ketene acetadd (0.125 mL of 1 M in toluene, 0.125 eq) was added to
the vial. The vial was removed from the acetone/dry ice bath and placed in the freezer to stir at
2 8C overnight The reaction mixture was removed from the fredd@, (0.2 mL of 3M, 6eq)
was addegand the reaction was allowed to stir at room temperature overnight. The reaction
mixture was diluted with FO (1mL) and extracted with ethyl acetétenL x 3). Dried with
sodium sulfat@and concentrated under reduced pressunsluct collected via preparative TLC
plates(20:80 ethyl acetatkexanesolvent system)lheyield of the desired produdi3 was
determined byH NMR spectroscopysing1,3,5trimethoxy benzenas the referencéH NMR
(500 MHz, CDC}) 7.87,7.88(m, 1H, 7.47, 7.48(m, 2H), 6.95 6.98(d, 1H),4.12,4.68(d,
1H),3.74,3.75 (s, 3H)2.752.83,2.882.97(m, 1H),2.68,2.70 (d, 2H)1.26,1.38 (d, 1H)
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1) 2, 6-di-t-but-4-methylpyridine (0.2 eq), 20% HBD (8, 11 or
12) toluene, -78°C
OTIPS OTIPS

2\~
i OMe %\OMG -78°C, 20min
| 4d
3) TIPSOTY (1.1eq), -28°
0 overnight
2 4) 3M HCI overnight

(13) Methyl 2-(4-ocochroman2-yl) propanoate was prepared according to an established
procedure® Chromanong (0.0146 g, 0.1 mmol, 1 eq) and 2¢b-t-Bu-4-methyl pyridine

(0.0065 g, 0.03 mmol, 0.3eq) were added to a flame dried vial with a stir bar. The vial was
placed in an acetone/dry ice batidallowed to cool te78 C. Silyl ketene acetdld (0.125 mL

of 1 M in toluene, 0.125 eq) was added to the vial and allowed to stir foml@msolution of
thehydrogen bond donaratalyst(8, 12, or 13) (12.6mg, 0.02mmol, 0.2eq) in 0.5mL toluene
wasadded slowly down the sides of the vial. After 10,nTIPSOTF (0.03 mL, 0.11 mmol, 1.1

eq) was added. The vial was removed from the acetone/dry ice bath and placed in the freezer to
stir at-28 C overnight.The reaction mixture was removed from the freed€H, (0.2 mL of 3M,

6eq) was adde@nd the reaction was allowed to stir at room temperature overnight. The reaction
mixture was diluted with FO (1mL) and extracted with ethyl acetate (1mL x 3). Dried with

sodium sulfate and concentrated under reduced preBsadeict collected via preparative TLC
plates (20:80 ethyl acetate:hexanes solvent system). The yield of the desired product 13 was
determined byH NMR spectroscopysing 1,3,5rimethoxy benzene abe referenceéH NMR

(500 MHz,CDC§) u .87, 7.88(m, 1H), 7.47, 7.48 (m,
1H), 3.74, 3.75 (s, 3H), 2.75.83, 2.882.97 (m, 1H), 2.68, 2.70 (d, 2H), 1.26, 1.38 (d, 1H).

F

1) LDA, THF, OTBS
O -78°, 20 min OTBS

\)k > \)\ * = SOM
e
OMe 2) DMPU,TBSC], OMe
-78° 5min
10 rt, 45 z E
4e

(4e) Tert- butyl ((1-methoxyprop-1-en-1-yl)oxy)dimethylsilanewas prepared
according to an established proceddre50 mL round bottom equipped with a stir bar was
flame dried and purged witholy). The round bottom was placed under positive pressure@f N
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AnhydrousTHF (5mL) was added followed by distilled diisopropylamine (0.70mL , 5 mmol, 1

eq). The round bottom was pl aced-BuLif20amL i ce ba
of 2.44M in hexanes, 5 mmol, 1 eq) was added dropwise. The reaction mixtureomess at

stir for 3 min at O C. The round bottom was
to cool to-7 8 C. THF (5mL) was addeld®O#8mL 6mmol by me
1 eq) was added drop wise. The reaction mixture was allow&td &at-7 8 C for 20 min.
(3.975 mL, 33 mmol, 6.6 eq) was added followed by TIPSCI (1.177 mL, 5.5 mmol, 1.1 eq). The
reaction mixture stirred a? 8 C for 5 min before being remov

temperature for 45 min. The reastimixture was quenched with saturated sodium bicarbonate

solution (10 mL) and diluted with hexanes. The reaction mixture was extracted wittO{#Ek

50mL). The resulting solution was dried using sodium sulfate and concentrated under reduced
pressureTheresulting yellow oilwas used without further purificati@s the title compoundie
'HNMR 500 MHz,CDCk) & 3.49, 3.47(s, 3H), 3.2171153. 34 (
1.241.32 (m, 6H), 0.290.35, 0.360.51 (m, 3H).

G

1) LDA, THF, OSiR
\)1 78°, 90 min \)O\SiRs : ’
> 7z Z~ “OMe
OMe 2) DMPU,SiR;0Tf, OMe
rt, 2hr

Adapted fromUnited States patent. #9035077

(4e) Tert- butyl ((1-methoxyprop-1-en-1-yl)oxy)dimethylsilane was prepared
according to an established proceddfé 50 mL round bottom equipped with a stir bar was
flame dried and purged witholy). The round bottom was placed under positive pressure@f N
Anhydrous THF (10mL) was added followed by distilled diisopropylamine (1.05mL, 7.5 mmaol,
1.5 eq). The round bottom was plCaNeBaLd(2.87n an i c
mL of 2.44M in hexanes, 7 mmol, 1.4 eq) was added dropwise. The reaction mixture was
all owed t o s tCi The rbuod bot®rd wasiihen placed inCan acetone/dry ice bath
and allowed to cool te7 8 C. Me t hl@(0.48p mLo Somnmlinlaet)) &vas adbdrop
wise. The reaction mixture was allowed to sti¥7ai8 C for 90 min. TIPSOTf
mmol, 1.1 eq) was added and the round bottom was removed from the bath and stir at room
temperature for 2 h. The reaction mixture was filtered through cetitehexanes. The resulting
solution was dried using sodium sulfate and concentrated under reduced pressure. The resulting
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yellow oil was used without further purification as the title compotgéH NMR (500 MHz,
cbCl 3) u 3.36 (s, (d,3H,0,69.36.(8,6H),08D.13nH3H). 1. 32
H

1) 2, 6-di-t-but-4-
methylpyridine(0.2 eq)
0 TBSOTf (1.1eq) OTBS
: ll tol , 60°C, 1h
| oluene r @
+ 2
o 20 mol% HBD (8) o OMe
toluene, -78°C -OTf
2 3a

(13) Methyl 2-(4-ocochroman2-yl) propanoate was prepared according to an
established procedurzChromanone (0.0146 g, 0.1 mmol, 1 eq) and 2¢-t-Bu-4-methyl
pyridine (0.0065 g, 0.03 mmd),3eq) were added to a flame dried vial with a stir bar. The vial
was purged with Bjg and toluene (0.2 mL) were added8JOTf (0.03 mL, 0.11 mmol, 1.1 eq)
was added and the vial was heated &C60r 1 h. The vial was removed from the heat and
allowed b cool to room temperature. Toluene (1.8 mL) was added. The reaction mixture was the
placed in a dry ice/acetone bath and allowed to cod ®&C. A solution of the silanediol
catalyst8 (12.6mg, 0.02mmol, 0.2eq) in 0.5mL toluene was added slowly deawsidis of the
vial. After 10 min, Silyl ketene acetd& (0.125 mL of 1 M in toluene, 0.125 eq) was added to
the vial. The vial was removed from the acetone/dry ice bath and placed in the freezer to stir at
2 8C overnight. The reaction mixture was reradvrom the freezer, HCI (0.2 mL of 3M, 6eq)
was added, and the reaction was allowed to stir at room temperature overnight. The reaction
mixture was diluted with FD (1mL) and extracted with ethyl acetate (1mL x 3). Dried with
sodium sulfate and concenedtunder reduced pressuPeoduct collected via preparative TLC
plates (20:80 ethyl acetate:hexanes solvent system). The yield of the desired I3odhst
determined byH NMR spectroscopy using 1,3tBmethoxy benzene as the referentéNMR
(500 MHz, CDCk)4 7 .87, 7.88(m, 1H), 7.47, 7.48 (m,
1H), 3.74, 3.75 (s, 3H), 2.7583, 2.882.97 (m, 1H), 2.68, 2.70 (d, 2H), 1.26, 1.381H).

(13) Methyl 2-(4-ocochroman2-yl) propanoate was prepared according to an established
procedure.Chromanone (0.0146 g, 0.1 mmol, 1 eq) and 2¢6-t-Bu-4-methyl pyridine
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